Modern irrigation techniques use automated systems where irrigation schedules are controlled according to certain criteria. The objective of this study is to numerically estimate irrigation events, water content and temperature distributions, evaporation, drainage, and soil water under closed loop automated irrigation systems of a bare soil. The automated irrigation system is activated and deactivated according to the water content value. The governing equations for transient onedimensional liquid water flow and heat transfer of unsaturated porous media are applied. The energy balance equation at the soil surface is used as an upper boundary condition based on measured meteorological data of Jeddah City. The results show that the current procedure can be applied to simulate different variables under automated irrigation systems. The water content shows periodic behavior, as well as time lags and decreases in amplitude with soil depth. The timing of applied irrigation has an important impact on evaporation and soil temperature. Applying irrigation water during the daytime leads to increased evaporation. The soil surface temperature decreases suddenly when water is supplied in the afternoon, while a slight increase is observed when irrigation is applied at midnight.
INTRODUCTION
Water used in crop irrigation consumes about 75% of the total global consumption of freshwater (UNEP ). Irrigation accounts for over 90% of water withdrawn from available sources in some regions (UNWWDR ). A substantial amount of irrigated water is lost due to drainage and evaporation which reduces irrigation efficiency. Under furrow irrigation and normal farm management, the average of application efficiencies of the surface irrigated cotton is a low 48% (Smith et al. ) .
Through precision irrigation, the correct amount of water can be applied at the appropriate time to satisfy the crop's water requirements. This saves water, decreases the power consumed in irrigation, increases crop yield, and decreases soil runoff. Improved irrigation methods, such as the use of sprinklers and micro-irrigation, are leading water-saving techniques and are used in about 15% of total world irrigated areas (Kulkarni ) . In closed loop irrigation systems, feedback from sensors is required to end the irrigation event and, accordingly, in some closed loop systems, there is no need to calculate the amount of irrigation water required.
In some irrigation practices, the amount of irrigation is based on specifying the amount and timing of irrigation.
Measuring evaporation from a pan is one of the easiest methods to get evaporation from a free water surface while the irrigation amount is applied according to the pan evaporation and plant-pan coefficient (Wang et al. ) .
Most automated irrigation systems are controlled according to climate conditions and/or soil conditions. The objective of the current study is to numerically investigate irrigation scheduling, evaporation from the soil surface, water content and temperature distributions in soil, drainage and soil water of closed loop automated irrigation systems during the initial growth stage of crops. The automated irrigation system is activated and deactivated based on the soil water content threshold at one depth. 
ANALYSIS Problem description
The physical problem, that has to be solved numerically, involves a bare soil depth of 2 m. As the soil is bare, it can be treated as a 1-D heat and water flow, as seen in Figure 1 .
The soil surface is exposed to atmospheric conditions while free drainage is assumed at the bottom. Water is added through an automated irrigation system and is controlled depending on the water content value at a particular depth. As mentioned before, putting the soil sensor too close to the soil surface leads to too frequent operation while putting it deeper leads to too infrequent irrigation. In this study, the control point is selected at a depth of 5.5 cm.
Governing equations
There are two governing equations that describe water movement and heat transfer in soil. Neglecting the water vapor movement inside the soil, hysteresis, and the effect of temperature on water movement, the 1-D governing equation of water flow in soil is reduced to (Smith & Mullins ) :
where θ is the volumetric water content, t is the time, z is the spatial coordinate, positive upward, D is the hydraulic diffusivity, and K is the hydraulic conductivity. Both D and K are functions of the volumetric water content.
The soil temperature is determined from the governing equation of heat transfer in soil temperature, which can be expressed as:
where Cp is the soil volumetric heat capacity, T is the temperature, λ is the soil apparent thermal conductivity, C w is the liquid water volumetric heat capacity, and q L is the liquid water flux density. The first term on the right-hand side represents the conduction heat transfer, while the second term is the convection heat transfer of liquid water. Cp and λ are functions of the volumetric water content.
Boundary conditions
To solve the previous two equations for water content and temperature distributions, it is important to state the boundary conditions. The upper and lower boundary conditions for each variable are required. The energy balance at the soil surface is discussed first and then the boundary conditions will be stated. Later, the evaluation of the required quantities and properties are presented.
Energy balance at bare soil surface
To find the water content distribution inside the soil domain, it is important to determine both the temperature and the water content at the soil surface layer. The temperature at the soil surface can be found from the surface heat flux density. The energy balance equation at the soil surface can be expressed as:
where R n is the net radiation, H is the sensible heat flux, LE is the latent heat flux, L is the latent heat, E is the evaporation, and G is the surface heat flux. To obtain G using the previous equation, other quantities, R n , H, and LE, must be known. In this study, these quantities are calculated from the measured meteorological data and the soil surface properties.
Temperature and water content boundary conditions
In this study, the irrigation water temperature, which may be different to that of the soil surface, has been taken into account. The following relation can be used as a top boundary condition for the temperature variable:
The first term on the right-hand side accounts for conduction heat transfer to the soil surface while the second term accounts for the heat addition by irrigation water.
T irr , T irr , T o are the irrigation water flux density that penetrates to the soil surface, irrigation water temperature, and reference temperature, respectively. The heat addition by irrigation water should be known. It should be noted that G should be calculated from Equation (3) before applying Equation (2).
The temperature gradient at the bottom boundary is assumed equal to zero as the soil depth is large, the current computational domain is 2 m, and the temperature fluctuations decays with depth:
The water content top boundary condition assumes that the water added to the soil surface by irrigation is to ensure that the soil surface is saturated and overcomes the evaporation quantity from the soil surface.
The water flux density to the soil surface can be expressed as:
When the irrigation system is off, the water flux density to the soil surface is related to evaporation, q evap , as follows:
The water content bottom boundary condition is free drainage. The flux density of water out from the soil bottom, q L,n , can be expressed as:
where K n is the hydraulic conductivity that corresponds to the water content at the bottom boundary.
Net radiation
The net radiation is the difference between the absorbed solar radiation and the absorbed atmospheric longwave radiation minus the longwave radiation emitted from the soil surface.
Here R s is the incident shortwave solar radiation, α is the soil surface albedo, ε s is the soil surface emissivity, ε a is the atmospheric emissivity, and σ is the Stefan-Boltzmann constant.
The soil surface albedo is a function of the soil surface water content and is calculated according to van Bavel & Hillel ( 
The soil surface emissivity, ε s , for bare soil can be estimated from the following suggested formula (van Bavel & Hillel ):
where θ s is the saturated water content. For dry soil, the value of the soil surface emissivity equals 0.9.
The atmospheric emissivity, ε a , is proposed by Idso () as a function of air temperature and vapor pressure, e a (millibars):
The vapor pressure, e a , is calculated from the relative humidity, RH, and the saturation vapor pressureê a as:
The saturation vapor pressureê a (kPa) can be calculated as:
The temperature in the above formula is in centigrade.
Evaporation
Evaporation is calculated as the difference between the vapor density at the soil surface, ρ vs , and the atmospheric vapor density, ρ va , divided by the sum of the soil surface resistance, r s , and aerodynamic resistance, r a :
The density at the soil surface, ρ vs , is determined from the saturated vapor pressure at the soil surface,ρ vs , soil surface temperature, T s and the soil surface matric potential h s by using the below relation:
where M is the molecular weight of water, g is the gravitational acceleration, and R is the universal gas constant. The atmospheric vapor density, ρ va , is determined from the atmospheric relative humidity, RH, and the saturated vapor density,ρ va . ρ va is evaluated at air temperature as:
Sensible heat flux
The sensible heat flux is estimated from the temperature difference between the soil surface and the air temperature divided by the aerodynamic air resistance as ( van Bavel & Hillel ) :
where C a is the volumetric heat capacity of air.
Soil surface and aerodynamic resistances
The soil surface resistance, r s , and the aerodynamic resistance, r a , appear in the evaporation Equation (15) while r a appears in the sensible heat flux equation, Equation (18) suggests that when θ 0 is greater than 0.15, the soil surface resistance is constant and minimum and increases as soil surface layer dries.
To evaluate the aerodynamic resistance, r a , the procedure performed by Saito & Šimunek () is followed.
Based on Campbell (), the aerodynamic boundary layer resistance is calculated as:
where u is the wind speed measured at the reference 
To account for unstable atmospheric condition, the previous equation, Equation (21) , is multiplied by stability correction Ψ to set the aerodynamic resistance as:
The following stability correction Ψ is used by Koivu-
where R i is a stability parameter called the Richardson number that can be calculated from (Saito & Šimunek ):
Hydraulic properties
One of the most widely used models to represent the relation between volumetric water content, θ, and the matric potential, h, is introduced by van Genutchen () in the form of:
S e is the effective water content and is defined as:
where θ s and θ r are the saturated and residual water contents, respectively, and α, n, and m ¼ [1 À 1=n] are empirical parameters. The unsaturated hydraulic conductivity, K, can be expressed as a function of the saturated hydraulic conductivity, K s , and the effective water content as:
where l is a pore connectivity parameter and its value is 0.5
The hydraulic diffusivity is defined as:
Thermal properties
To calculate the soil thermal conductivity, the correlation given by de Vries model (Smith & Mullins ) is used which assumes that soil is a two-phase material composed of uniform ellipsoidal particles dispersed in a fluid phase.
The de Vries correlation is given as:
The subscript i denotes quartz, other solids, organic, water, or air phase. X is the volume fraction while k is a weighting factor.
NUMERICAL PROCEDURE
The two governing equations, Equations (1) and (2), are nonlinear as the soil properties are functions of soil water content. The governing equations are discretized using the implicit finite difference method to transform them from the differential form to two sets of algebraic equations. To linearize the governing equations, the soil hydraulic and thermal properties are calculated before determining the temperatures and volumetric water contents. Properties are updated inside inner iterations to reduce error, as described below. The code is written using MATLAB software (MathWorks ).
The algorithm of the main numerical code blocks is presented in Figure 2 and can be summarized as follows:
1. Start the main program.
2. Read the soil and computational domain parameters such as: the saturated and residual water contents, the saturated hydraulic conductivity, van Genuchten parameters, soil depth, number of nodes, simulation period, time step, control depth, threshold, control, water content and initial water content distribution, initial temperature distribution, and the temperature of the irrigation water.
3. Read the meteorological data such as the solar intensity, air temperature, relative humidity, and wind speed over the simulation period.
4. There are two iteration loops inside the main program.
The outer iteration loop is performed for each time step. The inner iteration loops runs inside the outer iteration loop as described in the next step. The outer iteration loop starts by interpolating the meteorological data according to the time of simulation.
The inner loop starts by checking the irrigation status.
To activate and deactivate the irrigation system, the water content at the control depth, θ cd , is compared to the threshold water content, θ thr . If θ cd > θ thr is true, irrigation is off. If θ cd > θ thr is false, irrigation is on.
6. Calculate the soil hydraulic and thermal properties such as the hydraulic conductivity, thermal conductivities, hydraulic diffusivities, and volumetric heat capacities over the computational domain.
7. Calculate the evaporation, E, and the surface layer heat flux, G. The average meteorological data discussed before are repeated over the simulation period of 10 days.
Soil and control parameters
As described above, the soil texture used in this study is sandy loam and its parameters are presented in Table 1 .
The computational domain of soil is 2 m. The initial water content of the soil is 0.2 m 3 /m 3 while the initial soil temperature is 27 W C. The initial water content is chosen to be close to the field capacity. Simulation starts at midnight and lasts for 10 days. The selected soil control point is at a depth of 5.5 cm to activate and deactivate the automated irrigation system and the threshold water content is 0.16 m 3 /m 3 . The irrigation rate is assumed to be equal to the saturated hydraulic conductivity, 1.228 × 10 À5 m/s.
Water content behavior at selected depths
The temporal behavior of the water content of the control point at 5.5 cm deep as well as the water content at 10 cm deep are shown in Figure 6 . The water content at the soil surface is depicted in Figure 7 . At the start, the water content decreases from its initial value of 0. To demonstrate the working of the control mechanism of the irrigation system, a detailed comparison of the water content over the 3rd day at the soil surface, the control point at 5.5 cm, and at a soil depth of 10 cm, is demonstrated in Figure 8 . For the first 6 hours the water content at the soil surface decreases linearly due to drainage. Then, the water content decreases rapidly mainly due to evaporation until noon. 
Soil surface temperature
Determination of soil surface temperature is important to define sensible heat flux from the soil surface, which in turn affects the amount of evaporation that contributes to the water content value. The surface temperature shows daily periodic behavior during the simulation period, as seen in Figure 9 . On the 1st day, the maximum soil surface temperature is about 47.8 W C at 2:45 p.m. On the 8th day, the maximum temperature reaches about 50 W C at 2:35 p.m.
When irrigation starts at 2:56 p.m., the temperature decreases rapidly from 49.8 to 38 W C in 10 minutes due to evaporation. On the 9th day, the first irrigation event starts
at 9:40 a.m. At noon, as the surface water content is high, evaporation increases and the maximum surface temperature decreases to 43.3 W C. The minimum daily surface temperature ranges from 24.3 to 25.7 W C, which is lower than the air temperature.
Evaporation
The evaporation rate over the simulation period is depicted in Figure 10 evaporation are the high values of soil surface water content, solar radiation, and wind speed while the atmospheric relative humidity is low. After 10 days of simulation, the cumulative evaporation reaches a value of 58.85 mm.
Irrigation
The irrigation events and the corresponding irrigation amounts and the data are summarized in Table 2 . There are 11 irrigation events over the 10 days of simulation.
There is just one irrigation event most of the days, while there are two irrigation events on the 9th day. The irrigation durations range from 520 to 600 s and the irrigation amounts range from 6.39 to 7.39 mm. The average irrigation event lasts for about 9.6 minutes while the average amount of water supplied is about 7.06 mm. The cumulative irrigation is about 77.61 mm at the end of simulation, which is higher than the cumulative evaporation.
Drainage
The free drainage is controlled by the water content value at the soil bottom boundary. Over the simulation period, the volumetric water content at the bottom boundary is close to the initial value, 0.2 m 3 /m 3 . The drainage rate is constant over almost 6 days, about 2.951 mm/day, and decreases slightly after that. The cumulative drainage has a value of 29.5 mm at the end of the simulation period.
Water content over soil depth
The spatial volumetric water content distribution at the beginning and the end of the simulation period is shown in Figure 11 . The average water content decreases with time as the soil loses water due to evaporation and drainage, and the supplied water is unable to completely replace the lost water. At the upper layers of the soil, the difference between the water content at the end of simulation and the initial water content is larger than that at the soil bottom layers.
The temporal water content stored in the soil is shown in Figure 12 . The soil water exhibits a periodic behavior. The soil water increases due to irrigation and decreases due to evaporation and drainage. The initial amount of stored water is 400 mm while it is about 389.26 mm at the end of simulation. The water mass balance requires that, over the simulation period, the sum of water content at the beginning of simulation and cumulative irrigation equals the sum of water content at the end plus the cumulative drainage and cumulative evaporation. The error is less than 10 À7 mm of water.
CONCLUSIONS
The soil water content and temperature distributions of bare soil under automated irrigation systems have been investigated. The automated irrigation system is soil-based and controlled according to the water control threshold value.
In this study, the threshold value is equal to the water con- 
